Group A Streptococcus (GAS) is among the top ten causes of infection-related mortality in humans. M protein is the most abundant GAS surface protein, and M1 serotype GAS strains are associated with invasive infections, including necrotizing fasciitis and toxic shock syndrome. Here, we report that released, soluble M1 protein triggers programmed cell death in macrophages (Mφ ). M1 served as a second signal for caspase-1-dependent NLRP3 inflammasome activation, inducing maturation and release of proinflammatory cytokine interleukin-1β (IL-1β ) and macrophage pyroptosis. The structurally dynamic B-repeat domain of M1 was critical for inflammasome activation, which involved K + efflux and M1 protein internalization by clathrin-mediated endocytosis. Mouse intraperitoneal challenge showed that soluble M1 was sufficient and specific for IL-1β activation, which may represent an early warning to activate host immunity against the pathogen. Conversely, in systemic infection, hyperinflammation associated with M1-mediated pyroptosis and IL-1β release could aggravate tissue injury. 
G
roup A Streptococcus (GAS) causes diseases ranging from common pharyngitis to life-threatening necrotizing fasciitis (NF) and streptococcal toxic shock syndrome (STSS), and is the immunologic trigger for rheumatic heart disease 1 . With an estimated 500,000 deaths annually, GAS ranks among the ten deadliest human pathogens 2 . The pathogen expresses numerous surface-bound and secreted virulence factors that subvert innate immune defences 1 . M protein, the most abundant protein on the GAS surface 3 , extends as hair-like fimbriae 4 , with structure, function and immunochemistry unique among known virulence molecules 5 . Sequence analysis of encoding emm genes suggests more than 220 variants 6 . However, only a few M protein/emm types are widespread and associated with systemic infections, with serotype M1/emm1 the most prevalent worldwide 7 . A globally disseminated serotype M1T1 subclone has been the leading cause of severe invasive GAS infections in recent decades 8 . M proteins mediate host epithelial cell adhesion 9 and resistance to opsonophagocytosis by binding host components including fibrinogen, C4b-binding protein and immunoglobulin Fc 10 . M proteins also block the membrane-lytic activities of host antimicrobial peptides and histones by sequestering them away from the bacterial membrane 11, 12 . Soluble M proteins released during infection by neutrophil-derived granule proteases 13 can trigger inflammation by forming a supramolecular assembly with fibrinogen that activates neutrophils 13, 14 . Indeed, soluble M1 protein is sufficient in animal models to trigger vascular leakage and tissue injury similar to severe GAS diseases such as NF and STSS 13, 15 . Under physiological conditions, M1 protein is also shed naturally from the GAS surface and is detected at micromolar concentrations in the extracellular medium 16 , provided it is not degraded by the broad-spectrum GAS cysteine protease SpeB 17 . In M1T1 GAS and certain other invasive serotypes, mutations in the covR/S (aka csrR/S) two-component regulatory system can upregulate several virulence factors while suppressing expression of SpeB 18, 19 . Loss of SpeB expression spares M protein from proteolytic degradation and increases the levels of its soluble form. Effects of soluble M1 on macrophages have not previously been investigated.
Macrophages play a central role in pathogen recognition and the activation of innate immune and inflammatory responses. Inflammasomes are multimeric cytosolic protein complexes that integrate pathogen-triggered signalling cascades in macrophages, activating caspase-1 and proteolytic processing of pro-IL-1β and pro-IL-18 to their mature cytokine forms, IL-1β and IL-18 (ref. 20 ). Inflammasomes can activate a rapid pro-inflammatory form of macrophage cell death termed 'pyroptosis' , characterized by plasma membrane rupture, release of cytosolic contents and DNA fragmentation 21 . Pyroptosis restricts replication of intracellular bacterial pathogens 22 and IL-1β signalling promotes immune resistance to several microbes, including GAS 23 . Among the various inflammasomes, those containing intracellular pattern recognition molecule NACHT, LRR and pyrin domains-containing protein 3 (NLRP3) are best studied, as their deregulation contributes to inherited autoinflammatory disorders 24 and chronic metabolic diseases, including atherosclerosis, type 2 diabetes, gout and obesity 25 . So far, two GAS-secreted toxins are known to activate macrophage NLRP3 inflammasome-mediated IL-1β signalling and pyroptosis: pore-forming cytolysin streptolysin O (SLO) 26 and C3 ADP-ribosyltransferase SpyA 27 . The consequences of GAS toxin-mediated NLRP3 inflammasome activation range from a protective immune response to exaggerated inflammatory host cell damage.
Here, we report that the classical GAS virulence factor M1 protein triggers macrophage cell death in a manner requiring its B-repeat region. M1 is a second signal for caspase-1-dependent NLRP3 inflammasome activation, leading to IL-1β processing and pyroptotic macrophage cell death. M1 uptake occurs through clathrin-mediated endocytosis accompanied by K + efflux, both essential events in NLRP3 activation. M1-induced pyroptosis and IL-1β signalling may exert pro-immune and pro-inflammatory effects of M1 protein promotes IL-1β signalling in macrophages. GAS can trigger cell death in macrophages by pyroptosis 27 , but no role for M1 protein in this process has been reported. Pyroptosis is accompanied by the release of characteristic inflammatory cytokines, most prominently IL-1β . Soluble M1 was sufficient to induce dose-dependent release of IL-1β from THP-1 Mφ , as detected by enzyme-linked immunosorbent assay (ELISA; Fig. 2a ). ELISA could not discriminate between pro-IL-1β and mature IL-1β , so we assessed signalling activity using HEK-Blue IL-1β reporter cells (Fig. 2b) , confirming dose-dependent release of mature IL-1β upon M1 treatment. M2, M4, M5 and M6 proteins triggered a similar release of functional IL-1β from THP-1 Mφ , while decreased IL-1β activity was seen with M22 or M28 exposure (Fig. 2c) , paralleling cytolytic effects.
M1 protein did not stimulate THP-1 Mφ to release IL-6, a cytokine activated in response to toll-like receptor (TLR) signalling but unrelated to the pyroptosis machinery (Fig. 2d) . In contrast, classical activators of TLR signalling (for example, lipopolysaccharide, peptidoglycan, lipoteichoic acid) triggered IL-6 release ( Fig. 2d) under assay conditions yielding similar macrophage viabilities ( Supplementary Fig. 2 ). Thus, soluble M1 protein was sufficient to 
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NATuRe MICRoBIoLoGy specifically induce IL-1β signalling, with pyroptosis the likely cell death pathway concurrently activated in macrophages.
M1 activates the NLRP3 inflammasome and pyroptosis in a caspase-1-dependent manner. The synthesis, processing and release of mature IL-1β by macrophages depend on two independent signals 28 . An inflammatory signal is provided by pathogen-associated molecular patterns (PAMPs) or danger-associated molecule patterns (DAMPs) recognized by specific receptors, including TLRs. These first signals, known as priming signals, induce transcription and synthesis of pro-IL-1β and initiate expression of inflammasome components 29 . A second signal is subsequently required for inflammasome assembly and activation, resulting in maximal generation of mature IL-1β . In our experiments with cultured THP-1 Mφ , phorbol 12-myristate 13-acetate (PMA) was used to differentiate cells into the macrophage phenotype. PMA provided signal 1, as IL-1β transcript increased over 1,000-fold compared to undifferentiated THP-1 Mo (Supplementary Fig. 3 ), and we hypothesized that M1 was a second signal required for efficient inflammasome activation. Murine bone marrow-derived macrophages (BMDMs) primed with a variety of TLR stimuli, but not unprimed BMDMs, responded to M1 protein by releasing IL-1β (Fig. 2e) . In contrast, signal 1 alone was sufficient to trigger IL-1β in human primary PBMCs, and addition of M1 did not further boost release of the cytokine (Fig. 2f) . This observation correlates with recent studies that demonstrate human monocytes engage an alternative inflammasome pathway, wherein TLR agonists by themselves trigger IL-1β in a process independent of K + efflux and pyroptosis 30 . M1 protein strongly induced IL-1β release from primed wildtype (WT) BMDMs but not primed casp1/11 −/− BMDMs, which cannot form functional inflammasomes (Fig. 3a) . Nigericin, an ionophore and established canonical NLRP3 inflammasome activator 31 , served as a positive control in this experiment. Pretreatment of THP-1 Mφ with Ac-YVAD-cmk, a specific and irreversible pharmacological inhibitor of caspase-1, nearly abolished M1-mediated release of IL-1β (Fig. 3b ) and macrophage cytolysis (Fig. 3c) . Thus, M1 protein-triggered IL-1β release and pyroptosis are caspase-1-dependent.
We found that BMDMs from NLRP3-deficient mice failed to secrete significant IL-1β after M1 stimulation (Fig. 3d) . As expected, NLRP3
−/− cells stimulated with nigericin also produced minimal IL-1β (Fig. 3d) . CRID3, a powerful and specific NLRP3 inhibitor 32 , also blocked macrophage release of IL-1β (Fig. 3e) and pyroptosis ( Fig. 3f ) in response to M1 protein. A drop in cytosolic K + serves as a common step required to activate the NLRP3 inflammasome 33 . M1-mediated macrophage IL-1β production was markedly reduced when the gradient for K + efflux was eliminated using K + -rich media (Fig. 3g) . This reduction resembled that observed with nigericin ( Fig. 3g) , whose NLRP3 activation is also mechanistically dependent on K + efflux. M1 thus activates the NLRP3 inflammasome in a scenario involving K + efflux, activation of caspase-1, processing of pro-IL-1β and secretion of mature IL-1β , all accompanied by macrophage pyroptosis.
The B-repeat domain of M1 is critical for NLRP3 inflammasome activation. To map the domain(s) of M1 protein required for NLRP3 inflammasome activation, we expressed and purified a set of previously described M1 truncations 14, 34 , as depicted schematically in Fig. 3h . Quantifying both IL-1β production and cytotoxicity (LDH release) from THP-1 Mφ , we found the N-terminal AB ), peptidoglycan (PGN, 1 μ g ml
) or lipoteichoic acid (LTA, 1 μ g ml
). e,f, IL-1β release measured by ELISA from mouse BMDMs (e) or human PBMCs (f) that were unprimed (Uns) or primed for 16 h with different TLR agonists: LPS (10 ng ml
), LTA (1 μ g ml
), R848 (1 μ g ml ). BMDMs and PBMCs were then left untreated (− M1) or treated with 2 μ M of M1 protein (+ M1) for 2 h. Data are plotted as mean ± s.e.m. and represent three independent experiments performed in triplicate and analysed by Student's t-test. NS, not significant (P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001.
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fragment of M1 protein induced similar levels of IL-1β ( Fig. 3i ) and LDH release as intact M1 protein (Fig. 3j) . In contrast, the C-terminal SCD fragment (truncated M1 protein containing S, C and D regions) did not induce inflammasome activation and pyroptosis. Deleting the majority of the A region (Δ 98) failed to block M1-induced macrophage IL-1β and LDH release, but eliminating either the B1 or B2 repeat region led to significantly less inflammasome activation, with a deletion of both B regions (Δ B1Δ B2) yielding an even greater reduction (Fig. 3i,j) . Thus, the B-repeat region of M1 protein plays a key functional role in NLRP3 inflammasome activation, IL-1β release and macrophage pyroptosis.
M1 uptake by macrophages is required for NLRP3 inflammasome activation. To determine if macrophage uptake of M1 was required to stimulate IL-1β , THP-1 Mφ were treated with well-characterized inhibitors of endocytic pathways. Neither wortmannin, a covalent inhibitor of phosphoinositide 3-kinases used to block macrophage macropinocytosis, nor methyl-β -cyclodextrin, a pharmacological inhibitor of caveolae/lipid-raft-mediated endocytosis, altered M1-induced IL-1β production (Fig. 4a) . In contrast, treatment with Pitstop-2, a small molecule that selectively binds the C-terminal domain of clathrin to inhibit clathrin pit-mediated dynamics and endocytosis (CME), clearly reduced macrophage IL-1β release and processing upon M1 exposure, as measured by ELISA (Fig. 4a) and HEK-Blue IL-1β reporter cells (Fig. 4b) .
To visualize M1 protein uptake into macrophages, we fused M1 protein and fluorescent mCherry (M1-mCherry). Confocal microscopy revealed progressive uptake of M1-mCherry into macrophages over 1 h (Fig. 4c) . No significant difference in M1 uptake was observed between primed cells and unprimed BMDMs, indicating that M1 endocytosis proceeded independently of inflammasome signal one ( Supplementary Fig. 4 ). In most treated macrophages, M1-mCherry assembled into intracellular speckles as early as 10 min, after which the number and size of the speckles increased (30 min), eventually reaching a diffuse distribution throughout the cytosolic compartment (1 h), suggesting a rapid and dynamic cellular uptake process (Fig. 4c) . Neither macrophage uptake nor intracellular speckle formation was observed with recombinant mCherry alone ( Supplementary Fig. 5 ). Intracellular speckles were also observed with a fusion construct between M1Δ B1Δ B2 protein and mCherry ( Supplementary Fig. 6 ), suggesting that macrophage internalization of M1 occurs independently of its B-repeat region.
M1-mCherry co-localized with early endosome marker EEA1 in as little as 10 min (Fig. 4d ). Mander's coefficients analysis indicated a reciprocal degree of overlapping signal between the M1-mCherry and EEA1 signals, and vice versa ( Supplementary Fig. 7 ), suggesting that M1 is internalized through a specific endocytic pathway. Incubation of macrophages with CME inhibitor Pitstop-2 prevented formation of M1-mCherry intracellular speckles (Fig. 4e) . Single-cell analysis confirmed a significant (~65%) decrease in M1-mCherry signal in Pitstop-2 treated cells (Fig. 4f) , indicating that macrophage M1 protein uptake is strongly dependent on CME. Pitstop-2 also markedly decreased LDH release and cytotoxicity in primed BMDMs exposed to recombinant M1 ( Fig. 4g ), confirming that CME helps to activate the NLRP3 inflammasome and pyroptosis.
Contribution of M1 expressed by GAS to IL-1β production and pyroptosis. As soluble M1 was sufficient to induce IL-1β release, we examined whether M1 protein expressed by live GAS contributes to inflammasome activation and pyroptosis. When incubated with THP-1 Mφ , a WT M1T1 GAS bacterial strain induced significantly more cytolysis (Fig. 5a ) and IL-1β release (Fig. 5b) , at multiplicities of infection (MOIs) ranging from 1 to 20, than an isogenic M1-protein deficient (Δ M1) mutant strain. Correspondingly, supernatants from WT M1T1 GAS-infected macrophages contained higher levels of processed IL-1β , as detected by IL-1β reporter cells, NATuRe MICRoBIoLoGy compared to supernatants from Δ M1 GAS-infected macrophages (Fig. 5c ). Restoring M1 expression by plasmid complementation of the Δ M1 mutant (GASΔ M1comp) yielded a very similar profile of cytolysis (Fig. 5a ), IL-1β production (Fig. 5b) and IL-1β processing (Fig. 5c ) to the WT parent strain across the different MOIs tested. Flow cytometry experiments of macrophages infected with FITClabelled M1T1 GAS WT or isogenic mutant Δ M1 strains showed a very minor reduction in bacterial invasion of macrophages infected with the latter (Supplementary Fig. 8) .
GAS expresses at least two other protein virulence factors that activate the NLRP3 inflammasome: SLO and SpyA. We compared the release of IL-1β from macrophages infected with GAS M1T1 WT or isogenic Δ M1, Δ SLO or Δ SpyA mutants (Fig. 5d ). Macrophages infected with the three isogenic mutant strains had significantly lower IL-1β production than those infected with the WT strain, but IL-1β release was most attenuated in macrophages infected with Δ SLO or Δ M1 strains. Natively expressed M1 protein thus plays an important role in stimulating IL-1β processing and pyroptosis in macrophages.
M1 stimulates release of IL-1β in vivo.
To corroborate our in vitro findings, we compared the induction of IL-1β by GAS WT and isogenic Δ M1 and Δ SLO mutant strains during intraperitoneal infection of mice. Although the production of IL-1β from Δ SLOinfected mice did not differ from WT-infected animals, the Δ M1 strain induced significantly less IL-1β (Fig. 5e ). Of note, there was a significant decrease in bacterial load recovered from the peritoneal fluid of mice infected with GAS Δ M1 mutant strain compared to 
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GAS WT-or Δ SLO-infected mice (Fig. 5f) . These results support a crucial role of M1 protein for full GAS virulence and its contribution to stimulation of IL-1β signalling in vivo. We next injected increasing concentrations of M1 into the peritoneum of WT C57BL/6 mice and quantified IL-1β levels in the peritoneal fluid 4 h later. M1 indeed triggered IL-1β production in vivo in a dose-dependent manner (Fig. 5g) . Consistent with our findings using cultured macrophages, removal of the B1 and B2 repeat domains (Δ B1Δ B2) from the M1 protein eliminated its ability to stimulate IL-1β in vivo following peritoneal injection (Fig. 5h) . Moreover, M28 protein, which did not induce pyroptosis in vitro (Fig. 1b,c) , did not stimulate production of IL-1β in mice when injected as a recombinant protein (Supplementary Fig. 9 ). Injection of intact M1 or Δ B1Δ B2 mutant proteins did not stimulate release of inflammasome-independent cytokine IL-6 (Fig. 5i) , in contrast to the high levels of IL-6 produced upon injection of TLR agonist LPS (Supplementary Fig. 10 ). Together, these results indicate a specific role for M1 protein in vivo as a second signal for inflammasome activation.
Discussion
IL-1β signalling and inflammasome activation are important in the complex suite of innate immune responses elicited during GAS infection, wherein robust tissue inflammation is a hallmark of tissue invasion 23 . Both canonical NLRP3 inflammasome and non-canonical (bacterial protease-induced) IL-1β signalling occur in macrophages responding to a GAS encounter 35 . Our studies indicate that the classical GAS virulence factor M1 protein makes an independent and important contribution to GAS NLRP3 inflammasome activation, IL-1β processing and macrophage pyroptosis, thereby joining pore-forming toxin SLO 26 and ADP-ribosylating toxin SpyA 27 as known inflammasome activators produced by the pathogen.
Because interleukin-1 receptor (IL-1R) deficiency in mice 36 or treatment with IL-1R antagonist Anakinra in mice or humans 35 increases susceptibility to severe GAS infection, NLRP3 detection of M1 protein and other GAS factors appears on balance to serve a critical role in host defence against the organism. However, during advanced stages of systemic infection with invasive M1 GAS, IL-1β release and pyroptosis elicited by M1 may contribute to hyperinflammation and associated pathologies 10, 13, 15 . During invasive GAS M1T1 disease, pathoadaptive covR/S mutations that shut off SpeB expression may be selected for and are associated with hypervirulence 18, 19 . Clinical epidemiological studies found that SpeB expression and activity were significantly higher in GAS serotype M1T1 isolates from non-severe invasive infections than isolates from severe cases 17 . Silencing of SpeB activity may allow for an increased presence of soluble, released M1 protein during severe GAS infections. Indeed, the presence of soluble, released M1 has been documented in biopsies of patients with NF and STSS 13 . 
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Our in vitro experiments examining macrophages infected with live WT or M1-deficient GAS bacterial strains show a significant contribution of natively expressed M1 protein in the induction of IL-1β and pyroptosis. In our studies, the presence of M1 was not a strong factor in establishing initial interaction with macrophages compared to its known role in adhesion or invasion of epithelial cell types, emphasizing the dominance of M1 action on the inflammasome as compared to other known M1 properties in our assays. Production of IL-1β during GAS infection in vivo was greater when M1 was present, although the bacterial load was significantly lower in the absence of the protein. However, purified M1 protein alone, injected in vivo, was sufficient to induce the production of IL-1β , suggesting that soluble M1 induces IL-1β signalling independently of its other well-known virulence properties.
In contrast to the two signals required in vitro for M1-induction of IL-1β , M1 alone was sufficient to stimulate the IL-1β response in vivo. We hypothesize that in the latter case, macrophages are intrinsically stimulated by cellular processes such as metabolic activation elicited by the thioglycollate pre-treatment in our in vivo experiments, or alternatively that M1 may activate host-derived pro-inflammatory factors facilitating signal 1 priming. The latter mechanism is consistent with recent studies, which have shown that keratinocytes recognize soluble M1 as a PAMP to release interleukin-8, growth-related oncogene-alpha, migration inhibitory factor and other inflammatory response alarms 37 . Another study reported that M1 protein can synergize with heparin-binding protein to interact with TLR2 on monocytes and promote release of IL-1β and IL-6 38 , which differs somewhat from our findings showing no effect of M1 protein on IL-6 production in vitro or in vivo. This difference probably reflects the source of the protein in each study: purified recombinant M1 protein in the present work versus M1 protein purified from GAS supernatants in the aforementioned study. Our studies suggest that M1, per se, is not a direct TLR agonist as proposed earlier; however, during GAS infection, release of M1 protein complexed with peptidoglycan (PGN) or lipoteichoic acid (LTA) to serve as PAMPs may contribute to the activation of TLRs and consequent accelerated cytokine production. CME, which constitutes the major and best-characterized endocytic pathway, carries out the continuous uptake of essential nutrients, antigens, growth factors and pathogens. Our study demonstrates that CME contributes to M1 uptake and that a specific clathrin inhibitor blocks M1 uptake to reduce NLRP3 activation, IL-1β production and pyroptosis. Human immunodeficiency virus and hepatitis C virus were recently shown to activate the inflammasome by CME-dependent mechanisms 39 . Furthermore, muramyl dipeptide, a bacterially derived agonist of the NOD2 receptor that induces caspase-1 activation through the NLRP3 inflammasome, is internalized by macrophages through CME 40 . The mechanism by which M1 is targeted into clathrin-coated pits is at present unclear, but warrants further study as it may reveal mechanistic commonalities for inflammasome activation. Because the first step of internalization through CME usually involves binding of a ligand to a specific membrane receptor, our studies suggest that M1 is recognized by a host factor expressed by macrophages.
The M1 B-repeat region serves an essential function in GAS pathogenesis, as it is responsible for M1 binding to host fibrinogen (Fg) and the formation of supramolecular M1-Fg complexes that induce neutrophil activation and transition to a proinflammatory state 14, 41 . Based on these previous studies and taking into account our new findings, a potential scenario during GAS invasive infection is that released, soluble M1 protein first activates infiltrating neutrophils through the M1-Fg supramolecular complex, resulting in the recruitment and influx of macrophages to the site. Released, soluble M1 would then act in a Fg-independent manner on these macrophages, causing pyroptotic cell death. Our studies provide evidence that the M1 B-repeat region is a multifunctional domain that plays an essential role in M1-induced inflammation.
Comparison of the inflammasome-activating effect of M1 to other M proteins suggests that the activation of NLRP3 and the consequent cell death is not unique to the M1 serotype, but is not a general property of all M protein serotypes. Due to the pronounced hypervariability of the N-terminal domain (B-repeats included) across M proteins, a single common pattern for the M proteins that activates IL-1β is unlikely. However, it has recently been recognized by X-ray crystallography that the three-dimensional structure of different M proteins in complex with host factors may reveal conserved sequence patterns hidden within hypervariability 42 . K + efflux is a common mechanism required for NLRP3 activation 33 , and we confirmed that M1-induced inflammasome activation also requires K + efflux. Further studies are required to understand the exact molecular mechanism that triggers K + efflux and downstream mechanisms of NLRP3 activation upon M1 uptake. Components or by-products from the depolymerization of clathrin-coated pits, the subsequent transition from early to late endosomes, or the final fusion with recycling lysosomes are potentially important for the molecular mechanism of M1-induced NLRP3 activation. Indeed, the NLRP3 inflammasome may detect internal membrane perturbations and thereby respond to many different stimuli, which all have in common the ability to induce lysosomal destabilization 43 . (second signal) is likely to occur after down-regulation of the bacterial protease SpeB, by the activity of neutrophil proteases, or both. M1 is taken up by macrophages through clathrin-mediated endocytosis (CME), after interaction with a potential surface receptor. Once internalized, M1 activates the assembly and activation of the NLRP3 inflammasome and triggers potassium efflux (K + efflux) through an unknown mechanism (?). Assembly of the inflammasome leads to the processing of pro-IL-1β to mature IL-1β and results in DNA damage and pyroptotic cell death in macrophages.
In summary, we propose a model for GAS M1-dependent inflammasome activation and pyroptosis in macrophages (Fig. 6 ). Upon GAS tissue invasion, bacteria-derived PAMPs (for example, PGN or LTA) or host-derived DAMPs generated upon tissue injury are recognized by the macrophage through different mechanisms, including TLRs. These first signals activate the transcription of genes encoding NLRP3 inflammasome components and pro-IL-1β . M1 may be released from the GAS surface by cell wall turnover, host neutrophil proteases, or both 13, 16, 17 , and is taken up by macrophages via CME to serve as a second signal required for NLRP3 activation. Internalization of M1 activates NLRP3 through an unknown subcellular molecular intermediate or event, for example, lysosomal destabilization, triggering K + efflux and promoting inflammasome assembly by recruitment of NLRP3, its well-characterized apoptosis-associated speck-like accessory protein (ASC) and caspase-1, resulting in the maturation and secretion of the pro-inflammatory cytokine IL-1β , DNA damage, membrane disruption and pyroptosis in macrophages. This work reveals an unexpected function in GAS molecular pathogenesis for the M protein, the most abundant protein on the GAS surface, with multifaceted roles in virulence and as a target of host immunity.
Methods

Reagents and inhibitors.
Lipopolysaccharide from E. coli serotype EH100(Ra) was purchased from Enzo. Lipoteichoic acid from Bacillus subtilis, peptidoglycan from Staphylococcus aureus, R848 and Pam3CSK4 were purchased from Invivogen. Ac-YVAD-CMK (inhibitor of caspase-1) and CRID 3 (inhibitor of NLRP3) were purchased from Enzo and Tocris, respectively. Recombinant mCherry was purchased from BioVision. Pitstop-2 was purchased from Abcam. Wortmannin, methyl-β -cyclodextrin, ATP, nigericin and human fibrinogen were purchased from Sigma.
Cell isolation and culture. BMDMs were generated as previously described 44 from the femurs and tibias of 8-to 12-week-old male or female WT C57BL/6 (Jackson Laboratory), casp-1/11 −/− (provided by R. Flavell), or nlrp3 −/− (provided by J. Bertin) mice. The human THP-1 monocytes cell line was provided and authenticated by ATCC and stored at the UCSD cell culture facility, which routinely carried out surveillance mycoplasma testing of its facility. THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum (FBS), 0.05 mM 2-mercaptoethanol, 0.2% d-glucose, 10 mM HEPES and 1 mM sodium pyruvate. Human THP-1 Mφ were differentiated for 24 h with 25 nM phorbol myristate acetate (PMA) (Fisher). Primary human neutrophils, PBMCs and red blood cells were isolated from small volumes of whole blood from healthy volunteers after informed consent, following a protocol for simple phlebotomy approved by the UCSD IRB/Human Research Protection Program. Cell isolation was achieved using one-step Polymorph according to the manufacturer's instructions (Accurate Chemical and Scientific Corporation). A549 human epithelial cells were cultured in 10% FBS-RPMI medium. All experiments with THP-1 Mφ and BMDMs were performed in 2% FBS-RPMI medium, except for the experiment in which potassium efflux was inhibited. In this experiment, cells were stimulated in K + -rich medium (serum-free buffer with 10 mM HEPES, 150 mM KCl, 5 mM NaH 2 PO 4 , 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 1% BSA, pH 7.4) or in Na + medium (serum-free buffer with 10 mM HEPES, 150 mM NaCl, 5 mM KH 2 PO 4 , 1 mM MgCl 2 , 1 mM CaCl 2 , 1% BSA, pH 7.4).
Animal experiments. The UCSD Institutional Animal Care and Use Committee approved all animal use and procedures. In compliance with ethical guidelines, to minimize the number of animals, we used a minimum of five mice for each data point (except where indicated in the figure legends) to ensure statistical power. All mice were randomly distributed into the different groups as indicated in the corresponding figure legend. No blinding was performed in the animal work. For GAS infection, 8-to 10-week-old C57BL/6 female mice were injected intraperitoneally (i.p.) with 100 μ l phosphate buffered saline (PBS) as control group or with 100 μ l PBS containing 1 × 10 8 colony-forming units (c.f.u.) of various GAS strains. For soluble M protein injection, 8-to 10-week-old C57BL/6 male or female mice were i.p. injected with 2 ml of 3% thioglycolate (Difco) to elicit peritoneal macrophages. At 72 h post-treatment, mice were injected with different amounts of M protein in 100 µ l PBS. At 4 h (M protein treatment) or 6 h (bacterial infection), mice were euthanized with isoflurane followed by cervical dislocation. Postmortem, peritoneal fluid was collected by lavage with 3 ml sterile PBS, followed by massage. Cytokines and bacterial counts in the peritoneal fluid collected were quantified by ELISA and c.f.u., respectively.
Bacterial strains and culture conditions. GAS M1T1 5448 was originally isolated from a patient with necrotizing fasciitis and toxic shock 44 . The isogenic in-frame allelic exchange knockout mutant 5448Δ emm1 (Δ M1) and its complemented strain have been described previously 45 as well as the knockout mutants 5448Δ slo (Δ SLO) 46 and 5448Δ spyA (Δ SpyA) 27 . All GAS strains were routinely propagated at 37 °C on Todd-Hewitt agar (Difco) or in static liquid cultures of Todd-Hewitt broth. Where appropriate, strains were grown in medium supplemented with 5 μ g ml -1 erythromycin or 2 μ g ml -1 chloramphenicol.
Infection of macrophages with GAS. THP-1 Mφ were seeded at 5 × 10 5 cells in 600 μ l of RPMI-2% FBS in a 12-well plate. Macrophages were infected with overnight bacterial cultures diluted in 100 μ l of RPMI-2% FBS at MOIs of 1, 5, 10 or 20. Plates were centrifuged at 600g for 5 min to facilitate bacterial contact with macrophages. Cells were incubated at 37 °C for 2 h. Supernatants were collected by centrifugation (600g for 5 min at room temperature) and analysed for LDH release, total IL-1β production and IL-1β signalling. For GAS invasion experiments, stationary phase bacteria were labelled with FITC through 30 min incubation with 0.2 mg ml -1 FITC, covered on ice, and washed with PBS. PMAdifferentiated THP-1 Mφ were co-incubated with FITC-labelled bacteria at an MOI of 10 in RPMI containing 2% FBS for 2 h. Macrophages were dissociated with trypsin-EDTA, washed in PBS supplemented with 0.5% FBS, and immediately run on FACSCalibur (BD Biosciences). Ten thousand events were collected, and samples were gated for live macrophages based on unlabelled bacteria-infected controls. Flow cytometry data were analysed using FlowJo v.9.4.10 (Tree Star).
LDH assay and ELISA. Cell culture supernatants were collected by centrifugation at 500g for 5 min at 20 °C and analysed with a Cytotox 96 Non-Radioactive Cytotoxicity Assay (Promega). Procedures and calculations of LDH release percentage (%LDH) were performed according to the manufacturer's directions. Cell culture supernatants were assayed for human or murine IL-1β or IL-6 with ELISA kits following the manufacturer's instructions (R&D Systems).
IL-1β signalling assay. Stably transfected HEK-Blue IL-1β reporter cells (Invivogen) (50,000 cells per well in 96-well plates), were stimulated for 16 h at 37 °C in 5% CO 2 with 50 μ l supernatants from macrophages previously treated or infected under the conditions indicated for each experiment. After 18 h, supernatants from the HEK-Blue cells were analysed for secreted alkaline phosphatase activity by the addition of 50 μ l HEK-Blue IL-1β reporter cell supernatants onto 150 μ l of Quanti-Blue reagent (Invivogen) and monitoring the optical density at 620 nm with an EnSpire plate reader (PerkinElmer).
Confocal and fluorescence microscopy. BMDMs were seeded on coverslips in 24-well plates. Cells were primed with LPS (10 ng ml −1 ) for 4 h. As appropriate, cells were pretreated with Pitstop-2 (25 μ M) or with vehicle control (dimethyl sulfoxide, DMSO) for 10 min and then stimulated with M1-mCherry protein (2 μ M) for 10, 30 or 60 min. After these treatments, cells were washed twice with PBS and fixed with 4% paraformaldehyde for 20 min. After fixation, cells were washed three times with PBS and coverslips were mounted with ProLong Gold antifade reagent containing DAPI (Life Technologies). To quantify the M1-mCherry signal, in-focus planes were analysed with ImageJ (v.2.0.0, NIH) as previously described 47 . An outline of the cell was drawn and measurements of cell area, mean fluorescence and integrated density were recorded. For local background subtraction, the mean fluorescence of four regions surrounding each cell was also recorded. The total corrected cellular fluorescence (TCCF) was calculated as TCCF = integrated density -(area of selected cell × mean fluorescence of background readings) and reported as relative fluorescence. For co-localization analysis, BMDMs were incubated with 2 μ M of purified M1 protein resuspended in RPMI medium (no phenol red, Gibco) for 10 min. After treatment, cells were washed twice with PBS to remove unbound protein and then fixed with 4% paraformaldehyde for 20 min. After fixation, cells were washed three times with PBS and then permeabilized with PBS + 0.2% Triton X-100 for 30 min. Coverslips were then blocked for 1 h in 3% BSA/1× PBS + 0.02% sodium azide. Staining was performed by incubation with anti-EEA1 antibody (BD biosciences), resuspended in 3% BSA/1× PBS + 0.02% sodium azide for 1 h. Coverslips were then washed three times with PBS and incubated for 1 h with 0.4 μ g ml -1 AlexaFluor-488-conjugated anti-mouse secondary antibody (Life Technologies). Coverslips were again washed three times with PBS and stained with 1 μ g ml -1 Hoechst dye (Life Technologies). After three additional PBS washes, coverslips were mounted onto slides using ProLong Gold antifade reagent (Life Technologies). Co-localization analysis was performed with ImageJ (v.2.0.0, NIH) using the Coloc2 plugin. Cells were visualized using an Olympus FV1000 confocal microscope or a Zeiss Axio Observer.D1 fluorescence microscope.
Propidium iodide uptake assay. THP-1 Mφ were incubated in the presence or absence of purified M1 protein (2 μ M) for 2 h in RPMI containing 2% FBS. Cells were washed three times with PBS, incubated in 200 μ l PI staining solution (1% BSA and 3 μ M PI, Invitrogen) and were visualized using a Zeiss Axio Observer.D1 microscope with an AxioCamMR3 camera. To quantify the number of cells that had taken up PI, THP-1 Mφ were collected by incubating the cells for 5 min at 37 °C with cold PBS containing 5 mM EDTA, washed three times with PBS, incubated in 500 μ l PI staining solution, and analysed by flow cytometry.
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Mean fluorescence intensity was calculated from a total of 10,000 cells, and macrophages treated with PBS alone were used as negative control. Flow cytometry data were analysed with FlowJo v.9.4.10 (Tree Star).
TUNEL assay. THP-1 Mφ were incubated for 4 h in the presence or absence of purified M1 protein (0.2 μ M or 2 μ M). Cells were detached from the well by incubation for 5 min at 37 °C with cold PBS containing 5 mM EDTA, washed once with PBS, and assayed for the percentage of cells with DNA fragmented by the TUNEL technique (APO-BrdU TUNEL assay kit, Invitrogen) according to the manufacturer's instructions. DNA fragmentation-fluorescence intensity was measured by flow cytometry for a total of 10,000 cells. Macrophages treated with PBS were used as a negative control. Flow cytometry data were analysed with FlowJo v.9.4.10 (Tree Star).
Protein expression and purification. Procedures for the construction and expression of M1 protein, truncated variants of M1 protein and other M protein types have been described previously 14, 34 , except for M1-mCherry and M1Δ B1Δ B2-mCherry proteins. For M1-mCherry, the coding sequence of intact mCherry protein (residues 1-236) was cloned into the pET28-M1 vector 25 . The PCR product was amplified with primers 5′ XhoIm-Cherry (5′ -ccgctcgagggaggaagcatggtgagcatggtgagcaagggcgagaggg-3′ )+ 3′ XhoIm-Cherry (5′ -ccgctcgagcttgtacagctcgtccatgccgcc-3′ ), with mCherry fused to the C terminus of M1. For M1Δ B1Δ B2-mCherry, PCR product was amplified with primers 5′ M1dB1B2-cherry(EcoRI) (5′ -ccgccgaattcttagaaacgattactagagaacaagagattaatcg-3′ ) and 3′ M1dB1B2-cherry(EcoRI) (5′ -ccgccgaattctctttgtctatcccaacttgttgattcctttgcta-3′ ) from pET28-M1mCherry vector. Protein constructs were expressed in E. coli BL21 (DE3) cells. Bacteria were grown in LB containing 34 mg ml −1 kanamycin at 37 °C until mid-logarithmic phase and then induced at room temperature with 1 mM isopropyl β -d-1-thiogalactopyranoside and grown for a further 18 h. Bacteria were collected by centrifugation and resuspended in lysis buffer (300 mM NaCl, 100 mM Tris-HCl, pH 8, 10 mM imidazole) with protease inhibitors (Complete Tablet, Roche). Bacteria were lysed using an EmulsiFlex-C5 (Avestin; 20,000 p.s.i. with three passes). His-tagged M1 constructs were then purified as previously reported 34 by Ni 2+ -NTA affinity and Q-Sepharose anion exchange chromatography. Purified proteins were dialysed against 2 l PBS buffer at 4 °C overnight (3500 MWCO tubing, Spectrum Laboratories). Proteins were aliquoted and flash-frozen in liquid N 2 for storage at − 80 °C.
Statistical analysis.
The data were collected from three independent experiments in triplicate, unless otherwise indicated. Data were combined and represented as mean ± s.e.m. Results were either analysed by unpaired Student's t-test or by twoway ANOVA using GraphPad Prism version 7. P < 0.05 was considered statistically significant. Flow cytometry histograms and microscopy images are representative of at least two independent experiments. Data availability. The data that support the findings of this study are available from the corresponding author upon request.
